1. Introduction {#sec1}
===============

Severe acute respiratory syndrome known as COVID-19 disease - due to SARS-CoV-2 virus - is recognized to spread via respiratory droplets and close contacts ([@bib19]). The burden of COVID-19 was extremely severe in Lombardy and Po Valley (Northern Italy), ([@bib5]) an area characterized by high concentrations of particulate matter, which are already known to have negative effects on human health ([@bib1]). Regional figures are available for Italy at the date of May 1^st^show that about 30% of currently positive people still live in Lombardy (about 40% if considering the overall cases confirmed from the beginning of the epidemic), followed by Emilia Romagna (13.5% of currently positive people), Piedmont (10.5%), and Veneto (10%). ([@bib5]) These four regions of the Po Valley account for 80% of total deaths recorded in Italy and 65% of Intensive Care Units admissions. ([@bib5]) A research carried out by the Harvard School of Public Health seems to confirm an association between increases in PM concentrations and mortality rates due to COVID-19. ([@bib20]).

In previous communications, we have hypothesized the possibility that SARS-CoV-2 virus could be present on particulate matter (PM) during the spreading of the infection ([@bib6]; [@bib16]), consistently with evidence already available for other viruses ([@bib15]; [@bib21], [@bib22]; [@bib8], [@bib9]; [@bib18]; [@bib4]; [@bib14]; [@bib12]). However, the issue of airborne PM-associated microbiome, especially in urban environments, remains largely under-investigated ([@bib7]), and -- at the present -- nobody has still carried out experimental studies specifically aimed at confirming or excluding the presence of the SARS-CoV-2 on PM. Here, we present the first results of the analyses that we have performed on 34 PM~10~ samples of outdoor/airborne PM~10~ from an industrial site of Bergamo Province, the epicenter of the Italian COVID-19 epidemic from 02/21/2020 to 03/11/2020.

2. Methods {#sec2}
==========

Following the methodology described by Pan et al., in 2019 for the detection of airborne viruses ([@bib10]), particulate matter has been collected in industrial area of Bergamo (Italy) -- over a continuous 3-weeks period, from February 21st to March 13th^,^2020 -- on quartz fiber filters by using a low-volume gravimetric air sampler (38.3 l/min for 24 h), compliant with the reference method EN12341:2014 for PM~10~ monitoring. This sampling procedure allows collection of aerosol and bioaerosol, by filtering 55 m^3^ per day, in a wide dimensional range, by using an approach considered adequate for screening/sentinel purposes.

Other bioaerosol/virus sampling methods -- such as impactors, cyclones, liquid impingers, electrostatic precipitators, water-based condensation - are suitable for restricted size ranges (few minutes or hours monitoring) in virus viability studies. ([@bib10]). The two LV PM~10~ samplers were positioned at 1150 m apart from each other, in the frame of air quality monitoring of an urban area close to an industrial complex. During the sampling period, average temperature, average relative humidity and irradiance have been respectively recorded as follows: 8.5 °C, 61% and 117.9 W/m^2^ for the period February 21st-27th; 6.8 °C, 69% and 80,9 W/m^2^ for the period February 28th to March 5th; 6.8 °C, 67% and 120.9 W/m^2^ for the period March 6th-11th. One of the two samplers had operational failure for 9 days out of 21. Average PM~10~ values for week 1 to week 3 have been 51.1 μg/m^3^ (n = 7), 27.8 μg/m^3^ (n = 7), 32.0 μg/m^3^ (n = 7) for sampling site A and 53.3 μg/m^3^ (n = 7), 26.8 μg/m^3^ (n = 4), 39.7 μg/m^3^ (n = 1) for sampling site B, respectively. Median values of PM~10~ for the overall 3 weeks were 52.1 μg/m^3^, 27.8 μg/m^3^, 38.0 μg/m^3^ for site A and 51.2 μg/m^3^, 25.1 μg/m^3^, 39.7 μg/m^3^ for sampling site B, respectively.

To assess eventual differences in mean or median values concerning the 34 PM~10~ samples collected by the two low volume air samplers in the whole period (from February 21st to March 11^h^), we performed inferential statistical analyses, which produced the following results: A) according to *t*-test, the two means (43.35 vs. 39.29, respectively) presented a point wise difference of 4.06 \[90%IC: −15.40; 7.27; p = 0.55\]; B) according to Wilcoxon rank sum test, the two medians (37.7 and 37.8, respectively) presented a point wise difference of 0.1 \[90%IC: −6.6; 13.1; p = 0.70\]. Being aware that missing values recorded for one of the samplers could affect the straight forward analysis, we repeated the calculation exploiting the permutation test approach ([@bib11]), which is particularly suitable to manage small sample size; C) when performing a permutation test (with N = 300,000), the point wise difference of the means was 4.06 \[90%IC: −12.31; 12.36; p = 0.30\]; D) when performing a permutation test (with N = 300,000), the point wise difference of the medians was 0.1 \[90%IC:-13.2; 13.1; p = 0.49\].

Particulate matter was trapped on filters with 99.9% typical aerosol retention, properly stored and delivered to the laboratory of Applied and Comparative Genomics of Trieste University. Given the "environmental" nature of the sample, presumably rich in inhibitors of DNA polymerases, we proceeded with the extraction of RNA by using the Quick RNA fecal soil microbe kit adapted to the type of the filters ([@bib23]). Half filter was rolled, with the top side facing inward, in a 5 ml polypropylene tube, together with the beads provided in the kit. From the initial 1 ml of lysis buffer, we were able to get about 400 μl of solution, which was then processed as defined by the standard protocols, resulting in a final eluate of 15 μl. Subsequently, 5 μl were used for the SARS-CoV-2 testing. Given the particular origin of the sample, the qScript XLT 1-Step RT-qPCRToughMix was used ([@bib13]). The amplification systems were those of the protocol developed by Corman et al., published on the WHO website ([@bib3]). The tests were explicitly aimed at confirming or excluding the presence of the SARS-CoV-2 RNA on particulate matter. Due to the scarce material available, we decided to test more than one marker gene on the collected PM~10~ samples. Therefore, up to three highly specific molecular marker genes (E, N, and RdRP) were used to test the presence of SARS-CoV-2 RNA on particulate matter.

3. Results {#sec3}
==========

The first analysis used the "E gene"as a molecular marker and produced an impressive positive result on 15 out of 16 filters even if, as we could expect, the Ct was between 36 and 38 cycles. After that, we have replicated the analysis on 6 of the positive filters (already positive to "E gene") by using the "RtDR gene" as a molecular marker -- which is highly specific for SARS-CoV-2 -- reaching 4 significant results of positivity. Control tests to exclude false positivities were also successfully performed ([Fig. 1](#fig1){ref-type="fig"} ). To avoid the running out of the scarce sampling material available, the remaining extracted RNAs were delivered to the local University Hospital (one of the clinical centres authorized by the Italian Government for SARS-CoV-2 diagnostic tests), in order to perform a second parallel blind test. This second clinical laboratory resulted in 5 additional positive results for at least one of the three marker genes, including "N" gene. Overall, we tested 34 RNA extractions for the E, N and RdRP genes, reporting 20 positive results for at least one of the three marker genes, with positivity separately confirmed for all the three markers ([Fig. 2](#fig2){ref-type="fig"} ).Fig. 1Amplification curves of E (A) and RdRP genes (B): green lines represent tested filters; cross line represents reference filter extractions; red lines represent the amplification of the positive samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1Fig. 2Positive results (marked with X) for E, N and RdRP genes obtained for all the 34 PM~10~ filters tested and confirmed by the two parallel analyses performed.Fig. 2

4. Discussion {#sec4}
=============

As a first-choice approach for monitoring the presence of airborne viruses on environmental samples, standard low volume PM~10~ samplers were selected because it is an easy and widely diffuse operational methodology, promptly available on the field. The selected monitoring approach is well established among environmental protection agencies, researchers and professionals and it is able to determine inactivation of viruses due to dehydration or extraction from filters ([@bib10]), an issue that can be regarded as a positive safety feature for operators. Both liquid impingers and water-based condensation devices maintain viability of viruses - a drawback for operators involved in standard environmental surveys -- while impactors, cyclones, electrostatic precipitators have low collection efficiency for submicrometre virus particles, that can be of interest in infection spreading. The proposed sampling option can represent a good starting point for detecting airborne RNA traces of the virus, highlighting the sussistence of potential viral hazard that can be followed by focused short term aerosol collection on liquids (e.g. by impingers or liquid cyclone ([@bib2])) for virus viability assessment on environmental samples. Because of the nature of the sample, and considering that the sampling has not been carried out for clinical diagnostic purposes but for environmental pollution tests (taking also into account that filters were stored for at least four weeks before undergoing molecular genetic analyses, as a consequence of the Italian shutdown), we can confirm to have reasonably demonstrated the presence of SARS-CoV-2 viral RNA by detecting highly specific "RtDR gene" on 8 filters. However, due to the lack of additional materials from the filters, we were not able to repeat enough number of tests to show positivity for all the 3 molecular markers simultaneously.

Concerning the approach chosen for the isolation of viral RNA and its molecular detection, it should be highlighted that the use of protocols developed for genetic analysis on environmental matrices may have been the crucial element for the success of the perfomed analyses. As stated, the available material was limited and would not have allowed to perform as many as replications by using different methodologies, but thanks to the methodology applied -- testing more than a single molecular marker gene -- we have evidence that amplifications with a DNA polymerase developed, despite the scarce materials available and impure templates, resulted in a higher percentage of positives tests compared to what we could have obtained by using the enzymes cocktail generally used in the commercially available diagnostic kits.

This is the first evidence that SARS-CoV-2 RNA can be present on outdoor particulate matter, thus suggesting that, in conditions of atmospheric stability and high concentrations of PM,SARS-CoV-2 could createclusters with outdoor PM~10~ and -- by reducing their diffusion coefficient -- enhance the persistence of the virus in the atmosphere. Further confirmations of this preliminary evidence are ongoing in Milan and Naples (Italy), Madrid and Barcelona (Spain), Bruxelles (Belgium), and New York -- under the RESCOP (Research group on COVID-19 and Particulate Matter) International Research Initiative, promoted by the Italian/International Society of Environmental Medicine (SIMA/ISEM) with the aim of using the presence of SARS-COV-2 on PM~10~ as early indicator of epidemic recurrence -- and should include real-time assessment about the vitality of the SARS-CoV-2 as well as its virulence when adsorbed on particulate matter where possible ([@bib17]). At the present, no assumptions can be made concerning the presence of the virus on PM and COVID-19 outbreak diffusion among the population as we still do not know if the virus remains vital on PM and -- in this case -- how long. Other issues to be specifically addressed are the average concentrations of PM~10~ eventually required for a potential "boost effect" of the contagion in the areas experiencing the most dramatic burden of COVID-19, or even the theoretic possibility of immunization consequent to minimal dose exposures at lower thresholds of PM~10~.

5. Conclusion {#sec5}
=============

This is the first evidence that SARS-CoV-2 RNA can be present on outdoor particulate matter in defined conditions of atmospheric stability and high concentrations of PM~10~, thus suggesting a possible use of this test as indicator of epidemic recurrence.

Credit author statement {#sec6}
=======================

Leonardo Setti, Fabrizio Passarini, Gianluigi De Gennaro, Pierluigi Barbieri, Maria Grazia Perrone, Massimo Borelli, Jolanda Palmisani, Alessia Di Gilio, Valentina Torboli, Francesco Fontana, Libera Clemente, Alberto Pallavicini, Maurizio Ruscio, Prisco Piscitelli, Alessandro Miani conceived, wrote, approved and recise the manuscript. Maurizio Ruscio, Valentina Torboli, Francesco Fontana, Libera Clemente, Alberto Pallavicini performed the genetic and molecular analyses; Leonardo Setti, Fabrizio Passarini, Gianluigi De Gennaro, Pierluigi Barbieri, Maria Grazia Perrone, Massimo Borelli, Jolanda Palmisani, Alessia Di Gilio set the methodology for air sampling;

Declaration of competing interest
=================================

On behalf of all the co-authors we declare no conflict of interests.
